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Abstract-In coastal groundwater aquifer, seawater intrusion
is seen as a significant issue. Increasing the groundwater
pumping rate enhances seawater intrusion into groundwater in
the coastal aquifers. In Egypt, the Nile Delta aquifer (NDA) is
extremely vulnerable to Mediterranean Sea seawater intrusion.
The study's major goal was to create a three-dimensional
groundwater model that included main branches of the
irrigation system and their groundwater recharges into the
NDA. The NDA model was built by using the SEAWAT
program. The model validation was achieved by comparing its
results with the observation data and results from previous
models. Three scenarios were proposed considering: 1) sea level
rise, 2) changes in the rate of groundwater abstraction, and 3) a
combination of the conditions of the two previous scenarios’
conditions. A rise in Mediterranean Sea levels by 25, 50, 75 and
100 cm caused additional saltwater intrusion to distances of
5.11 km, 7.10, 7.62 and 8.2 km, respectively. Moreover, in
comparison to the base situation, a decrease in the lower
boundary's groundwater head by 25, 50, 75 and 100 cm caused
the saltwater to advance further inland to distances of 5.30, 5.47,
5.52 and 5.75 km, respectively. The third scenario proved to be
the worst case, in which saltwater intrusion increased to a
distance of 7.22, 7.73, 820 and 10.20 km, respectively.
Compared with previous model studies, the results showed that
saltwater intrusion length decreases by 4.0 km after including
all branches of the irrigation network.

Keywords: Groundwater, Nile Delta Aquifer, Climate
Change, Groundwater Pumping, Sea Level Rise.

. INTRODUCTION

In numerous areas of the world, groundwater in the
coastal aquifers is a significant supply of freshwater,
particularly in dry and semi-arid regions where rainfall is
low and surface fresh water bodies are scarce. Groundwater
resources are being used in arid and semi-arid regions as
coastal zones grow and urbanize (Abd-Elhamid 2010).
Excessive groundwater abstraction has a considerable
consequence on saline intrusion in coastal aquifers, as the
fresh groundwater outflow to the sea reduces, causing saline
water to enter inland into the aquifer (Abd-Elhamid 2010).
Numerous studies have utilized different numerical methods
to determine the degree of saltwater intrusion into the NDA.
The sharp interface method had already been used in earlier
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investigations, while recent studies have been established on
the variable density and dispersion zone approaches. Wilson
et al. (1979), Amer and Farid (1981), Farid (1980, 1985) and
Sakr et al. (2004) have considered the sharp interface
modeling approach by using semi-analytical models to find
out how thick the Nile Delta aquifer's freshwater layer is.
Most of these earlier studies were hypothetical in nature
because of a lack of salinity records for the NDA (Mabrouk
et al. 2013; Sherif and Al-Rashed 2001). The NDA has been
exposed to extensive groundwater pumping during the
previous 30 years, suggesting that there is a significant
dispersion zone between the intrusion of seawater inland into
the NDA and freshwater (Mabrouk et al. 2013). The
existence of a large dispersion zone was revealed according
to field investigations and experiences (Sherif and Al-
Rashed 2001). As a result, the variable density modeling
approach is suitable for simulating the dynamic interactions
between freshwater and saline water in the NDA (Mabrouk
et al. 2013). Several researchers have presented different
investigations into seawater intrusion into the NDA based on
the dispersion zone modeling approach (Sherif et al. 1988,
1990; Darwish 1994; Amer and Sherif 1996; Sherif and
Singh 1997; Sherif 1999; Sherif and Al-Rashed 2001; Sherif
et al. 2012; Sefelnasr and Sherif 2014; Abdelaty et al. 2014;
Abd-Elhamid et al. 2016; Abd-Elhamid et al. 2016).

Sherif and Al-Rashed (2001) utilized 2D-FED to
simulate sweater intrusion in the NDA in the vertical
direction. The ND model was utilized to determine the
groundwater flow and the transition zone between seawater
and freshwater. The saltwater line advanced further inland
into the NDA to a distance approximately 63 kilometers
from the sea shoreline. In addition, the freshwater line
encroaches more into the NDA to a distance about 108
kilometers from the sea shoreline. A flux found with a
minimum depth about 22 km, from the fresh groundwater to
the saline water. RIGW (2002) presented the salinity
concentrations contour maps in the NDA between 1960 and
2000. The maps led RIGW to the conclusion that
development activities had an impact on salinity of
groundwater in the NDA. Between 1980 and 1990,
groundwater salinity rose, the freshwater line advanced
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further inland in to the NDA indicating greater saline water
intrusion.

Sherif et al. (2012) utilized FEFLOW to examine the
seawater intrusion in the NDA in the horizontal direction. In
2D-dimensional actual vertical simulation, the notion of
equal freshwater head was investigated. The simulation in
the horizontal direction was carried out using four various
horizontal sections at various levels (100, 200, 300, and 400
m), each with its own pressure head to determine the section
depth. The results revealed that, with depth of 100 meters, a
few kilometers of saltwater moved inland into the NDA. In
addition, with depth of 200 meters, the dispersion zone
advanced further inland in to the NDA to get to Tanta city.
With depth of 300 meters, the saline water encroached more
into the NDA to Mansoura city. Finally, with depth 400
meters, the seawater covers the whole active region of the
domain.

Abdelaty et al. (2014) utilized SEAWAT code to
examine the seawater intrusion in the NDA. In respect to
RIGW, the data of TDS concentrations in several wells in
2008 was utilized. The outcomes of the NDA model
revealed that the saltwater line advanced further inland in to
the middle of the NDA, to a distance about 63.75 kilometers
from the sea shoreline. In addition, the freshwater line
encroached more into the middle of the NDA and get to
93.75 kilometers from the sea shoreline. Abd-Elhamid et al.
(2016) utilized 2D-FEST code to simulate the groundwater
flow and the salinity transport for studying the saline
intrusion in the NDA considering the effects of climate
change. The outcomes of the NDA model showed that the
saltwater line moved more into the NDA to a distance of 64
kilometers from the sea shore line. In addition, the
freshwater line advanced inland to reach to 112 kilometers at
the middle cross section of the NDA.

Previous studies on seawater intrusion into the NDA
have confirmed that seawater intruded inland by more than
100 km into the aquifer. Equi-lines of 35 and 1.0 g/l intruded
inland into freshwater at the middle cross section of the
NDA to a distance about 63 and 108 kilometers from the
Mediterranean Sea's coastline (Sherif 1999; Sherif et al.2001,
2003; Abdelaty et al. 2014). Abd-Elhamid et al. (2016)
demonstrated that concentration lines of 35000 and 1000
mg/l moved into the NDA to a distance about 61 and 110 km,
respectively.

The IPCC predicts that, by 2100, global warming will
cause a rise in sea levels of between 11 and 88 cm (IPCC
2001, 2007). Many researchers have predicted that a rise in
sea level will origin substantial effects on groundwater
resources in the coastal groundwater aquifers, as well as
cause inland migration in the dispersion zone in between the
freshwater and saline water (FAO 1997). The rise in
Mediterranean Sea levels has had a substantial consequence
on seawater intrusion into the NDA. The concentration line
of 1,000 mg/l is expected to move inland into NDA to a
distance about 9.0 km when the sea level rises to 1.0 m
(Sherif 1999; Sherif and Al-Rashed 2001). A rise of 1.0 m
will cause the saltwater line (35000 mg/l) to encroach inland
into the NDA by about 10 km (Abd-Elhamid et al. 2016).

Nofal et al. (2015) utilized SEAWAT code to build a
comprehensive GW model for the NDA considering the
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heterogeneity of the aquifer based on new observed data.
The field data of GW level was used for calibration the
model. The outcomes of simulation confirmed that fresh GW
flow is not being lost to the sea from the NDA. The results
introduced a good representation and visualization for
interface between fresh and saline water as a foundation for
future management of GW resources in the NDA. Mabrouk
et al. (2018) assessed the situation of saline intrusion into the
NDA utilizing SEAWAT code. Six different expected
scenarios which combing the impact of increasing the
groundwater abstraction and rise in sea level were tested.
The outcomes of the tested scenarios confirmed that
increasing the groundwater discharges has a significant
effect on salinization process of freshwater in the NDA than
the projected rise in Mediterranean sea level. The important
findings of this study were determining the volume of
freshwater, brackish and salinity water in the NDA system.
The analysis of results can be used for adaptation and
mitigation pans of seawater intrusion in the near future.

Abd-elhamid et al. (2019) investigated the potential
effects of minimizing the Nile River flow as a result of
GERD construction on saline intrusion in the NDA using
SEAWAT code. Two expected filling scenarios of GERD
was considered. The outcomes of the model confirmed the
freshwater and saltwater lines advanced to distances of 110.2
and 70.85 km in case of filling the GERD reservoir in 3 and
6 years consequentially. In addition maintaining the
freshwater system in the NDA required minimizing the
groundwater discharge by 60 and 40% consequentially.
Mabrouk et al. (2019.a) used SEAWAT code to evaluate the
existing situation and introduce coming management and
adaptation of saline intrusion in the NDA. The NDA model
was tested for different management scenarios included
groundwater discharge and expected rise in sea level. Three
adapted scenarios were presented variation of crop pattern,
artificial groundwater recharge through wells, and
abstraction of brackish groundwater and reused after
desalination practices.

Mabrouk et al. (2019.b) identified the critical zones for
sweater intrusion in the NDA through building 3D model.
The model outcomes confirmed the presence of groundwater
salinization as a result of seawater intrusion in the NDA. The
eastern and southwestern regions in the NDA showed
increase in the TDS concentration as a result of increasing
groundwater discharges and dissolution practices of marine
limestone. Also, according to the findings, the NDA is still
far from being in a condition of dynamic equilibrium. The
groundwater modeling tool may be utilized to simulate
coming saline intrusion situations in order to develop a long-
term groundwater resource adaptation strategy. Abd-Elaty et
al. (2021) mentioned that increasing the pumping discharges
and projected rise in sea level causes advancement of
seawater into the NDA.

Abd-Elaty et al. (2021) utilized SEAWAT code for
simulating saline intrusion into the NDA taking into account
future scenarios of pumping discharge and rise in sea level to
find optimum GW well system for managing seawater
intrusion. The outcomes confirmed that seawater intrusion
can be retreaded by 19.5%, 6.2%, and 5.9% for the cases
increasing GW recharge, minimizing groundwater
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discharges, and brackish water abstraction. Agoubi (2021)
explored the position of saline intrusion inland in to North
Africa coastal area and presented a comprehensive literature
for the extent of seawater intrusion in the area and the
expected challenges in the future. The results showed that
the seawater intrusion changes from country to other based
on the groundwater discharges rate, hydrological conditions,
urbanization development, economic management, and
impacts of climate change. In addition a limitation is found
to manage saline intrusion in the coastal aquifer of North
Africa.

The NDA is from the coastal aquifers that are considered
vulnerable to Mediterranean Sea saline intrusion. According
to (Kashef 1983) the main sources of groundwater recharge
for the NDA is from seepage from the Nile River, the
irrigation canal networks and excessive irrigation water. The
effects of groundwater recharge from the Nile Delta's
irrigation canal systems on seawater intrusion can be
observed in the upper clay layer nearby the Nile River and
its tributaries (Sherif et al. 2012). Seawater advances towards
the Nile Delta aquifer are accompanied by a decline in the
water levels of irrigation canals (Abdelaty et al. 2014). In
contrast, earlier research considered the groundwater
recharge in groundwater modeling from ten canals,
regardless of the fact that the ND region have intensive
irrigation canal network. The main aim of this study is to use
the SEAWAT program to simulate seawater intrusion into
the NDA under various scenarios of climate change in

relation to the actual irrigation canal networks in the ND area.

Il. STUDY AREA DESCRIPTION

The NDA is regarded as one of the world's greatest
underground reservoirs (Sherif and Al-Rashed 2001).The
ND region is approximately 25000 km2, and located in the
north of Egypt, (Sherif et al. 2012). The Mediterranean Sea
bounds the ND region in the north, in the south, it is
bordered by the Nile River, and it is bordered on the east by
the Suez and Ismailia Canals, and on the west by the El-
Nubaria Canal (Sherif et al. 2012). The Nile River is split
into nine main canals in the ND region. The Rosetta and
Damietta Branches are its two primary branches. The west
branch, the Rosetta Branch, is roughly 239 kilometers long,
while the east branch, the Damietta Branch, is around 245
kilometers long, as displayed in Fig. 1 (Kashef 1983).

The ND aquifer's groundwater system is regarded to be a
complicated system. The Quaternary aquifer of the ND is a
semi-confined. It is topped with a clay layer that ranges in
thickness from the south to the north at the top of the earth's
surface (Farid 1980; Wilson et al. 1979). The thickness of
the NDA starts at 200 meters in the south and rises to 1,000
meters in the north (RIGW,1992). In the south, the overlying
clay layer is 5 to 20 meters thick, whereas in the middle of
the Nile Delta, it can reach 50 meters thick (Said 1962; Diab
et al. 1997). In the winters of 2000 and 2010, groundwater
recharge into the NDA varied between 0.0 mm in the south
(Cairo) and 134 mm in the north (Alexandria),
correspondingly. Percolation into the ND Quaternary aquifer
occurs at a rate of 0.8 millimeters per day on average (DRI
1989). The rate of percolation is affected by the soil type as
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well as the irrigation and drainage systems in place (Warner
et al. 1991), and varies from 0.25 to 0.8 millimeters/day in
the central and southern parts and from 1.0 to 1.5
millimeters/day in the western desert. The minimum
observed percolation rate is from 0.1 to 0.5 millimeters/day
where both drip and sprinkler irrigation are commonly used
(RIGW/IWACO 1990a).

I1l. METHODOLOGY
Hydraulic parameters

Many geological, hydrochemical, and hydrological
specialists have investigated the NDA extensively in order to
determine its properties. The vertically and horizontally
hydraulic conductivity values of the clay cap, as assessed by
several researches, are shown in Table Al. Previous
investigations have estimated the hydraulic features of the
ND Quaternary aquifer, as shown in Table A2. Farid (1980)
published several hydraulic conductivity and the storage
coefficient values for the NDA .The value of hydraulic
conductivity in the NDA rises towards the west and south.
The effective porosity of the NDA medium is thought to be
around 0.3.The storage coefficient value has been estimated
by the RIGW (1980) to be 2.5x1073. The transmissivity value
varies between 15,000 and 75,000 m?/day, according to
RIGW (1990). The values of the longitudinal and the
transverse dispersivity in the NDA were calculated to be 100
and 10 m, correspondingly, by Sherif et al. (1988), whereas
the diffusion coefficient (D*) was estimated to be 10*
m?/day. From north to south, the distance between the
ground surface and the groundwater table grows. It
fluctuates between 1 and 2 meters in the north, grows to 3 to
4 meters in the central, and reached a maximum of 5 metres
in the south (RIGW 2002; Morsy 2009). In Egypt, the RIGW
managed an evaluation of the Nile Delta region's abstraction
wells in 1992, 1995, 1997, 2002, and 2008. In 2008, the
entire withdrawal from the ND aquifer's groundwater system
was 3.48x10% m3/year (Abdelaty et al. 2014).

Fig. 1. Study area location and digitized map of irrigation canal
networks in the Nile Delta region, Abd-Elhamid et al. (2016)

Numerical model

In this work, the SEAWAT code (Guo and Langevin 2002)
is utilized for simulating seawater intrusion. This program
solves coupled groundwater flow and the solute transport
equations by combining MODFLOW and MT3DMS codes.
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Variable density flow estimates are also performed using
SEAWAT. The well-known Visual MODFLOW-2000
(version 4.6.0.168) utilized in the SEAWAT (version 4)
program’s variable density flow (VDF) process to solve the
variable density equations using the finite difference
approach (Guo and Langevin 2002). The current research
used MT3DMS to solve solute transport formulations that
are linked to the integrated MT3DMS transport process.
While the VDF procedure in the SEAWAT program (Guo
and Langevin 2002) calculated the variable density
groundwater flow equation relating to the equivalent
freshwater head. The IMT process in SEAWAT program
solves the solute transport equation (Langevin et al. 2008).

Model geometry and boundary conditions

For the initial conditions, and according the data
limitations, the author has considered the initial conditions as
explained by previous studies. The concentration at the
western boundary is constant and equal to that of freshwater.
A hydrostatic pressure distribution in the vertical direction is
considered for the freshwater flux via the land side
boundaries. The aquifer's bottom is impermeable. The
aquifer is replenished with freshwater from the irrigation
network at the top border, which is a leaky boundary, and the
concentration is equivalent to that of freshwater (The
gradient of concentration is zero). For the Mediterranean Sea
boundary, the concentration is equal to seawater
concentration. The flux across this boundary is inwardly
directed. At this point, the pressure is hydrostatic, while at
sea level, it is atmospheric. According to the initial
conditions described above, the SEAWAT program is
utilized for simulating the groundwater flow and saline
intrusion into the NDA. There are 292 columns and 190
rows in the NDA model domain, with a resolution of 1.0 km,
as shown in Fig. 2.

The domain depth varied from 1,000 m in the north at the
Mediterranean Sea's coastline and decreased towards the
south to reach 200 m. Three vertical cross sections in the
western, central, and eastern regions of the ND are displayed
in Figures 3.a, b, and c. The constructed domain is split into
11 levels, with the clay layer at the top, while the subsequent
layers from two to 11 signify the Quaternary aquifer. The
upper clay layer thickness increases from 25 m in the south
direction towards the north direction to reach 50 m. Based on
the literature and the field measurements by the RIGW, the
southern head boundary is defined as a constant head equal
to 16.96 m Above Mean Sea Level (AMSL (Abdelaty et al.
2014).

A zero value on the Mediterranean Sea coastline defines
the upper head border in the north. The eastern boundary
condition in the right is defined as free flowing when
considering Suez Canal recharge. The Ismailia Canal runs
through the southeast corner of the domain, with the
recorded field's water level beginning at 16.17 m AMSL in
the south and ending at 7.01 AMSL in the east. The Rayah
El-Behery and El-Nubaria Canals divide the southwestern
domain, with the recorded field's water level ranging from
16.00 m AMSL in the south to 0.50 m AMSL in the north
(Abdelaty et al. 2014). Earlier research (Abdelaty et al. 2014)
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provided data for 2008 on the water level of the Nile Delta's
principal canals and drains; see Table A3 in the Appendix.

Boundary of the study arsa  wem—

Irrigation canals

20 3“0 50Km

Fig. 2. Model geometry and discretization

Laverl

Layer2

Layerl

Layer2

b. Cross sxction 2-2
T T i Layerl

Layer2

<. Cross saction 3-3

Fig. 3. Vertical crosses sections in the Nile Delta aquifer model: a) 1-1,
b) 2-2 and c) 3-3

The bank level of irrigation canals and their upper width
were previously calculated by Armanuos et al. (2016) and
consequently utilized in constructing the NDA model (see
Table A4 in the Appendix). The Nile Delta's main and
branch canals have typical water depths of 2.0 and 3.0
meters, respectively (Dahab 1993).The river package
interface in the MODFLOW software was utilized in order
to include the Rosetta and Damietta Branches, the rayahs
and the main canals in the built ND model. The river
MODFLOW package required the hydraulic properties of
the input canals, which includes the water level, the bottom
level, and the hydraulic conductivity of the river bed, river
bed thickness and conductance of the riverbed. The seepage
from the surface system into the groundwater depends on the
conductance value of the river, the streams and the general
head boundary conditions, which can be calculated using the
following mathematical expression.
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LxWxK
O =

Where: C is the riverbed conductance [L%/T], L is the river's
reach length in each grid cell. [L], W is the width of each
grid cell's riverbed [L], K is the river bed hydraulic
conductivity [L/T] and M is the thickness of the riverbed in
each grid cell [L].

Table. A5 in Appendix presents the hydraulic conductive
of selected canals in the current study compared with
previous studies. The hydraulic conductance (m?/day) for the
current model exceeds the value assigned by Morsy (2009)
for the representative canals. The location map showing the
distribution of production and observation wells in the NDA,
established on data collected by the RIGW in 2008, is shown
in Fig. Al in the Appendix. The total volume of abstraction
from the NDA equaled 2.78x10° m®/year in 2008 (Abdelaty
et al. 2014). As showed in Fig. Al, the concentration was set
at 40000 mg/l in the northern boundary (the Mediterranean
Sea coastline) and 35000 mg/l in the eastern boundary (the
Suez Canal coastal line) (Abdelaty et al. 2014). The initial
state of the groundwater concentration was set at 0 mg/I
(Abdelaty et al. 2014).

Studied scenarios

According to the IPCC, ocean levels will rise between
0.11 and 0.88 meters by 2100 as a result of global warming
(IPCC 2001, 2007). In the first scenario, the SEAWAT code
was utilized for simulating the impact of sea level rises by 25,
50, 75 and 100 cm on seawater intrusion into the NDA in
2025, 2050, 2075 and 2100, respectively. In the last 30 years,
the total annual groundwater pumping from the NDA has
grown substantially. Egypt's RIGW recorded a rise from
1.6x10° md/year in 1980 to 3.5x10° md/year in 2003,
eventually reaching 4.6x10° m3/year in 2010, (Mabrouk et al.
2013).The yearly abstraction rate is projected to reach
0.20x10° m3 per year (Mabrouk et al. 2013). In the second
scenario: the SEAWAT code was utilized for predicting the
seawater intrusion into the NDA under extra groundwater
abstraction conditions, where the maximum decline in the
groundwater table is observed near the southern boundary
are 25, 50, 75 and 100 cm in 2025, 2050, 2075 and 2100,
respectively. In scenario 3: based on the first and second
situations combined, the SEAWAT code was utilized to
investigate seawater intrusion into the NDA.

Model calibration and validation

The NDA model was run numerous times throughout the
calibration procedure to reduce the difference between the
simulated head and the measured head by the RIGW in 2008
(see Fig. A2). For each parameter, sixty dispersed
observation wells were selected from the research region and
calibrated up to the maximum discrepancy between the
observed and simulated groundwater head level was 0.60 m.
(see Fig. A3).For NDA model validation, the measured
groundwater head levels were compared with the simulated
results for the extra 60 records (see Fig. A4). So as to
validate the model for saltwater intrusion, the length of the
seawater wedge in the NDA at three different cross sections
was compared to that reported in previous studies.

Fig. Aba displays the calibrated values of the vertical
hydraulic conductivity kv of the first clay layer, which varies

Published by Arab Journals Platform, 2022

Journal of Engineering Research (ERJ)

from 0.01 to 0.025 m/day. Fig. A5b displays the calibrated
value of the horizontal hydraulic conductivity kh of the
second layer, which varies from 50 to 240 m/day. Fig. 4
shows the simulated groundwater levels in the NDA. Fig. 5a
introduced a comparison between the measured and
simulated groundwater levels for 60 GW well records,
prepared by the RIGW in 2008, following a calibration
process (see Fig. A6 in the Appendix) involving different
observation wells (Morsy 2009). The R2 and RMSE with
reference to the measured and simulated groundwater levels
were 0.98 and 0.75m, correspondingly. Table A6 displays
the calibrated values of the NDA model parameter.

Simulated head (m)

0 2 4 6 8 10 12 14 16 18
Observed head (m)

18
16
R?*=0.9771 *

14 *
T2 *
E
3 $
_u:a 10 *

*

3, .
= *
E
76 *

4 * *

* *
2 *
0
0 2 4 6 8 10 12 14 16 18
Observed head (m)

Fig. 5. Relationship between observed and simulated groundwater
levels for 60records for (a) Calibration process and (b) Validation
process
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A comparison of measured and predicted groundwater
levels for another 60 recordings chosen for NDA model
validation is shown in Fig. 5b. The correlation coefficient R2
was 0.9771, and the RMSE was 0.70 m. The SEAWAT code
was utilized to recognize the transition zone in the NDA,
which was relied on a variable density modeling approach.

The TDS variations in the NDA were visualized using
horizontal and vertical cross sections. Sec 1-1, Sec 2-2, and
Sec 3-3 are three cross sections in the vertical direction were
found, with depth variations extending from the south (land
side) to the north (sea side) (coastline). Cross sections (1-1),
(2-2), and (3-3) were placed to the west, center, and east
parts of the ND, correspondingly, as previously indicated
and depicted in Fig. 4-c. As a result, the depths of these cross
sections were 240, 200, and 200 m in the south and 900 m in
the north. Cross sections (1-1), (2-2), and (3-3) were 70, 150,
and 120 kilometers long, respectively, as displayed in Fig.
4a-c. The current model's validation procedure started with
the year 2008. Fig. 6 presents the distributions of TDS in the
NDA in the horizontal view for the base case.

Concerning the base case, for the three nominated cross
sections: (1-1), (2-2) and (3-3), the transition zone is located
within TDS concentrations of 35000 mg/l (saltwater line)
and 1000 mg/l (freshwater line). The width of this transition
zone is the distance between these two lines. For cross
section (1-1), in the current model, the transition zone width
is 26 km and the results show that the saltwater and
freshwater lines encroach inland to a distance approximately
40.0 km and 66 km, correspondingly (see Fig. 7a). Fig .7b
shows the simulation results for the current model for cross
section (2-2). From this figure, compared with Fig. 7a, the
saltwater and freshwater lines intrude more than for cross
section (1-1), with values of 56 and 105 km, respectively.
The transition zone width of this section is 49 km. In cross
section (3-3), the saltwater line encroaches inland to a
distance approximately 74.0 km, while the freshwater line
encroaches to a distance approximately 100.0 km, where the
transition zone width equals 26.0 km, as shown in Fig. 7c.

Regarding the calibration and validation process for
saltwater distribution, Table 1 compares the saltwater
wedge's length in the NDA in the current model and
previous findings. The observed salinity concentrations were
compared using simulated values for model calibration and
validation (Morsy 2009; see Fig. A7).

Fig. 6. Horizontal distribution of TDS in the Nile Delta aquifer for the
base case (year2008)
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Fig. 7. Vertical Distribution of TDS in the Nile Delta aquifer at Sec
1-1, Sec 2-2 and Sec 3-3 at the base case (2008)

Fifty records of salinity concentration by the RIGW for
2008 were selected and compared with the salinity
concentration for the model calibration, while another 50
records were selected for a model validation comparison (see
Fig. A8 and Fig. A9 respectively). The results are acceptable
in respect of the length of the intruded saltwater at the three
different cross sections (see Table 1), as shown in Figs. 9
and 10.

The results of the current SEAWAT model, with its
comparison of previous model results (2D-FEST, 2D-FED
and SEAWAT, as shown in Table.1) show good agreement
in the TDS distribution at the three cross sections, as
reported by Abd-Elaty et al. (2014). Fig. 8a compares the
observed and simulated concentration for 50 records, which
were selected for NDA model calibration. The R? equals
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0.9881 and the RMSE equals 1,802 mg/l. Fig. 8b compares
the observed and simulated salinity concentration for the
other 50 records, which were selected for NDA model
validation. The R2 with regard to the observed and simulated
values equals 0.9886 and the RMSE equals 2,404 mg/l.
When the real irrigation canal networks are included in the
current NDA model, seawater intrudes inland into the
aquifer over a substantially shorter distance than Abd-Elaty
et al. 2014 estimated in the base scenario at the similar cross
sections. As per earlier studies, which did not consider the
real irrigation canal networks in simulating the seawater
intrusion into the NDA, the resultant groundwater recharge
was fewer than the real one involved in the present NDA
model.
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Fig. 8. Relationship between observed and simulated salinity
concentration for 50records for (a) Calibration process and (b)
Validation process

IV. RESULTS AND DISCUSSION

After model validation, the present model was utilized for
predicting the degree of the seawater intrusion into the NDA
for 2025, 2050, 2075 and 2100 for the three supposed
conditions: rise in sea level; rate changes in pumping out
groundwater; and a combination of both conditions.

A. Scenario 1: Impact of sea level rise on the extent of
seawater intrusion into the NDA

The present model was utilized for simulating the impact of
rise in sea level on saltwater intrusion into the NDA by 25,
50, 75 and 100 cm in 2025, 2050, 2075 and 2100,
respectively. According to this timescale, for Cross Section
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(1-1), rise in sea level intrude the saltwater line at distances
of 44.19, 44,51, 44.63 and 44.65 km, respectively, while the
freshwater line consequently intrudes by 67.90, 68.00, 68.57
and 68.84 km from the shoreline, as shown in Fig. 9.

a. SLR 25cm (year 2025)

b. SLR 50cm (year 2050)

c. SLR 75cm (year 2075)

FoUUT 00T SOUT0 TZ0000 TSU00T

Fig. 9. Vertical Distribution of TDS in the Nile Delta aquifer at Sec 1 at
SLR 25, 50, 75 and 100 cm

For Cross Section (2-2), rise in sea level of 25, 50, 75
and 100 cm cause the saltwater line to encroach into the
NDA at distances about 58.35, 59.05, 59.75 and 60.25 km,
respectively, while the freshwater line consequently moves
toward the inland to distances of 106.9, 107.4, 107.5 and
108.2 km, as measured from the sea shoreline, as presented
in Fig. 10.

B Ml ]

‘ d. SLR 100cm (year 2100) E
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Fig. 10 Vertical Distribution of TDS in the Nile delta aquifer at Sec 2 at
SLR 25, 50, 75 and 100 cm

In Cross section (3-3), a rise in the sea level of 25, 50, 75
and 100 cm causes the saltwater line to encroach into the
NDA to distances about 79.11, 81.10, 81.62 and 82.20 km,
respectively, while the freshwater line consequently intrudes
to distances of 105.5, 105.6, 106.3 and 106.5 km from the
shoreline, as shown in Fig. 11. The rise in seawater levels in
the Mediterranean Sea has imposed additional heads of
saline water on the sea side, such that saltwater has advanced
further into the NDA. In comparison with the base case, the
seawater line has advanced more inland to distances of 5.11,
7.10, 7.62 and 8.2 km with a sea level rise of 25, 50, 75 and
100 cm, respectively, while the freshwater line has advanced
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more at distances of 5.5, 5.6, 6.3 and 6.5 km, respectively, in
comparison with the current base case.

£

Fig. 11 Vertical Distribution of TDS in the Nile delta aquifer at Sec 3 at
SLR 25, 50, 75 and 100 cm

B. Scenario 2: Rate change in pumping out groundwater
on the extent of seawater intrusion in the NDA

Under increased groundwater pumping conditions, the model
was utilized to estimate seawater intrusion into the NDA, on
the basis that the lower boundary's groundwater head
declines by 25, 50, 75 and 100 cm in 2025, 2050, 2075 and
2100, respectively. In Cross Section (1-1), to the west, a
decline in the lower boundary's groundwater head by 25, 50,
75 and 100 cm forces the ND aquifer's saltwater line to
encroach to a distances approximately 44.03, 44.09, 44.15
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and 44.27 km, respectively, while the freshwater line
consequently intrudes at distances of 67.82, 67.84, 67.88 and
68.02 km from the sea shoreline, as presented in Fig. 12.

a. Decreasing head 25c¢m (year 2025)

C. Dggr'easingt_b‘gad 75crp (year 2075)

5

Fig. 12 Vertical distribution of TDS in the Nile Delta aquifer at Sec
1 at decreasing head by 25, 50, 75 and 100 cm

For Cross section (2-2), a decline in the lower
boundary's groundwater head by 25, 50, 75 and 100 cm and
the seawater line encroaches into the NDA at distances
around 58.19, 58.25, 58.45 and 58.47 km, respectively,
while the freshwater line consequently advances into the
NDA at distances around 106.1, 106.2, 106.3 and 106.4 km
from the sea shoreline, as displayed in Fig. 13.
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Fig. 13 Vertical distribution of TDS in the Nile Delta aquifer at Sec
2 at decreasing head by 25, 50, 75 and 100 cm

In Cross section (3-3), to the east, a decline in the lower
boundary's groundwater head by 25, 50, 75 and 100 cm leads
the seawater line to encroach at distances approximately
79.30, 79.47, 79.52 and 79.75 km, respectively, while the
freshwater line consequently intrudes at distances of 105.2,
105.3, 105.5 and 105.5 km from the sea shoreline, as
displayed in Fig. 14. A decline in the lower boundary's
groundwater head, as a result of further groundwater
abstraction, causes a decline in the velocity and flow of
freshwater from the south towards the north, causing the
saltwater to intrude further towards the freshwater into the
NDA.
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The seawater line moves further into the NDA to
additional distances approximately 5.30, 5.47, 5.52 and 5.75
km, along with a decline in the lower boundary's
groundwater head, as a result of further groundwater
abstraction, by 25, 50, 75 and 100 cm, respectively, in
comparison to the default situation. On the other hand, the
freshwater line advances more into the NDA by additional
distances approximately 5.2, 5.3, 54 and 55 km,
respectively, in comparison with the current base case.

Fig. 14. Vertical distribution of TDS in the Nile Delta aquifer at Sec 3 at
decreasing head by 25, 50, 75 and 100 cm
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C. Scenario 3: Combination of the Scenario 1 and Scenario
2 conditions

With the combined impact of the first and second
scenarios, the present model was implemented to explore
seawater intrusion into the NDA, on the following bases: rise
in sea level by 25 cm and a 25-cm decline in groundwater
head in 2025; rise in sea level by 50 cm and a 50-cm decline
in groundwater head in 2050; rise in sea level by 75 c¢cm and
a 50-cm decline in groundwater head in 2075; rise in sea
level by 100 cm and a 100-cm decline in groundwater head
in 2100. In Cross section (1-1), rise in sea level and a
groundwater head decline of 25, 50, 75 and 100 cm results in
advancement of the seawater line into the NDA to distances
approximately 44.28, 4450, 4455 and 44.64 km,
respectively, while the freshwater line consequently intrudes
by 67.80, 68.00, 68.53 and 69.00 km from the sea shoreline,
as displayed in Fig. 15.

Fig. 15. Vertical distribution of TDS in the Nile delta aquifer at Sec 1 at
SLR and decreasing head by 25, 50, 75 and 100 cm

10
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For Cross section (2-2), rise in sea level and a decline of
lower boundary's groundwater head of 25, 50, 75 and 100
cm encroach the seawater line more into the NDA at
distances approximately 59.00, 59.43, 59.96 and 60.50 km,
respectively, while the freshwater line consequently
advances inland to distances of 107.2, 107.3, 107.6 and
109.8 km from the sea shoreline, as displayed in Fig. 16.

Fig. 16 Vertical distribution of TDS in the Nile delta aquifer at Sec 2 at
SLR and decreasing head by 25, 50, 75 and 100 cm

In Cross section (3-3), to the east, the combination of rise
in sea level and a decline of lower boundary's groundwater
head of 25, 50, 75 and 100 cm cause the seawater line to
move more into the NDA at distances approximately 81.22,
81.73, 82.20 and 84.20 km, respectively, while the
freshwater line consequently intrudes at distances of 105.6,
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106.4, 106.7 and 107.0 km from the sea shoreline, as
displayed in Fig. 17. The saltwater advances further inland
into the NDA in scenario 3 as the combination of rise in sea
level and a decline of lower boundary's groundwater head, as
a result of further groundwater abstraction results in a further
decline in the freshwater flow and velocity, in addition to an
additional head of seawater on the sea side. The saltwater
line encroaches more inland into the NDA at distances
approximately 7.22, 7.73, 8.20 and 10.20 km, along rise in
sea level of 25, 50, 75 and 100 cm and a decline of lower
boundary's groundwater head, as a result of further
groundwater abstraction of 25, 50, 75 and 100 cm,
respectively. Meanwhile, the freshwater line advances
additional into the NDA at distances around 5.5, 6.4, 6.7 and
7.0 km, respectively, in comparison with the current base

Fig. 17 Vertical distribution of TDS in the Nile Delta aquifer at Sec 3 at
SLR and decreasing head by 25, 50, 75 and 100 cm
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D. Comparative study

Table 2 compares the intrusion length of the saltwater
line in the central cross section of the NDA in the current
model and the results obtained by Abd-Elaty et al. (2014).
The comparison shows that saltwater intrudes into the NDA
at small distances compared with those reported by Abd-
Elaty et al. (2014) in the base case, and for various scenarios
of sea level rise and a decline of lower boundary's
groundwater head, as a result of further groundwater
abstraction.

In comparison with the results for TDS distribution
presented by Abd-Elhamid et al. (2016) using the 2D-FEST
program, the results of the present NDA model confirmed
that the saltwater and freshwater lines advance more into the
NDA (as compared to the base case) at a smaller distance
than reported by Abd-Elhamid et al. (2016). The saltwater
and freshwater lines advance more inland into the NDA at
distances approximately 8.2 and 6.5 km with sea level rise of
100 cm, in comparison to 9.0 and 10.0 km, respectively, as
reported by Abd-Elhamid et al. 2016. Declining the lower
boundary's groundwater head, as a result of further
groundwater abstraction, causes the saltwater and freshwater
lines to advance into the NDA at distances of 5.75 and 5.5
km, compared with 6.0 and 8.0 km, respectively, as reported
by Abd-Elhamid et al. (2016). The saltwater and freshwater
lines advance further into the NDA at distances around 10.2
and 7.0 km with a rise in sea level of 100 cm and a decline in
the lower boundary's groundwater head as a result of further
groundwater abstraction, compared with 14.0 and 15.0 km,
respectively, as reported by Abd-Elhamid et al. (2016).

Using the SEAWAT code to include the real irrigation
canal networks in the present model of the NDA, seawater
encroaches inland into the NDA at shorter distances than

those described by Sherif et al. (2001, 2003), Abd-Elaty et al.

(2014), and Abd-Elhamid et al (2016) Due to various climate
change scenarios, including sea level rise and a decline of

lower boundary's groundwater head, at similar cross sections.

Because all earlier researches utilized various codes (2D-
FED, 2D-FEST, and SEAWAT) for predicting the degree of
seawater intrusion into the NDA without taking into account
the real irrigation canal networks, the resulting groundwater
recharge could be lower than the one presented in the current
model.

V. CONCLUSION

An integrated three-dimensional groundwater model for the
NDA was built by the SEAWAT program, and included
groundwater recharge from all irrigation canals, which has
not been considered in previous simulation studies on
saltwater intrusion into the NDA under various conditions.
Three proposed scenarios were tested: rise in sea level;
decreases in the southern head boundary as a result of further
groundwater abstraction; and a combined impact of both the
first and the second proposed scenarios. The results show
that, after considering the real irrigation canal networks in
the existing model, saltwater intrudes inland into the NDA at
relatively smaller distances than those reported in earlier
researches at the similar cross sections under the proposed
various scenarios. A proposed rise in sea level of 25, 50, 75
and 100 cm causes the saltwater line to advance inland at
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distances of 5.11, 7.10, 7.62 and 8.2 km, respectively, in
comparison with the current base case. Moreover, in
comparison to the base situation, a decline in the lower
boundary's groundwater head as a result of additional
groundwater abstraction of 25, 50, 75 and 100 cm in the
southern boundary intrudes the saltwater line further inland
at distances of 5.30, 5.47, 5.52 and 5.75 km, respectively.
The impact of decreases in the groundwater head at the
southern boundary on seawater intrusion into the ND is
much less than the impacts of rise in sea level. The
dispersion zone between the saltwater and freshwater
advances further inland into the aquifer when combining sea
level rises and decreases in the lower boundary's
groundwater head because of extra groundwater abstraction.
The worst presented case is scenario 3, in which saltwater
intrudes further inland than in the first and second scenarios,
where the saltwater line advances further inland into the
aquifer at distances of 7.22, 7.73, 8.20 and 10.20 km,
respectively, in comparison with the base situation. The
present model's findings could be used decision makers and
authorities to identify locations most vulnerable to seawater
intrusion into the NDA, as well as to manage groundwater
resources in the ND region. Future strategies are therefore
essential for the adaptation and mitigation of saltwater
intrusion into the NDA.
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Table 1. Comparison between saltwater wedge length in the Nile Delta aquifer for the current model and previous studies

(Sherif 1999; Abd-Elhamid Abd-Elhamid et Abd-Elaty et al. Current model
Sherif et al. (2016) al. (2016) (2014)
2001, 2003)
Sec. 2D-FED SEAWAT 2D-FEST SEAWAT SEAWAT
Equi- | Equi- Equi- Equi- Equi- Equi- Equi- Equi- Equi- Equi-
line line line line line line line line line line
35 1 35 1 35 1 35 1 35 1
(km) (km) (km) (km) (km) (km) (km) (km) (km) (km)
West | --—-- e e s 42.00 68.00 41.0 69.00 40.00 66.00
Middle | 63.00 | 108.0 i s 64.00 112.0 61.0 110.0 56.00 105.00
East | ---- 75.75 90.25 58.00 109.0 56.00 108.0 74.00 100.00

Table 2. Comparison between the intruded length of the saltwater line of current study and Abd-elaty et al. (2014) for different scenarios of climate
change at section Il (in the middle)

) Current study (Abd-elaty et al. 2014)
Case Scenario - -
Intrusion length (Km) Intrusion length (Km)
Base case (_:urrgnt 56.00 61.00
situation
25 58.35 66.75
50 59.05 67.00
SLR 75 5975 |
100 60.25 67.75
25% 58.19 66.50
Increasing 50% 58.25 66.50
pumping
discharges 5% R R
100% 58.47 65.75
Appendix

Table Al. The hydraulic properties of the top clay layer in the Nile Delta

Study Kn(m/day) K,(m/day)
Farid (1980) 0.2160 0.0025
Farid (1985) | --eee- 0.05
Anon(1980) | - 0.0025
(RIGW/IWACO 1990a) 0.2505 0.0484
Wolf (1987) 0.1037 0.0011
(Sherifetal.1988) | = - 0.05
Warner et al. (1991) 0.2160 0.0073
RIGW (1992) 0.05-0.5 0.0025
Dahab (1993) | = - 0.01-10.0
Arlt (1995) 0.3800 0.0046
Sherif (2003) | -mmeeee- 0.0025
Sakr and Mabrouk (2006) 10.0 0.15-16
El Arabei (2007) 0.1-0.25 0.01-.025
Fadlelmawlaland Dawoud (2006) |  ------ 0.05-0.1
Sherifetal. (2012) | = - 0.0005-0.005
Abdelaty et al. (2014) 0.1-0.25 0.01-.025
Nofal et al. (2015) 0.05-0.5 0.0025
Morsy and El-Fakharany (2012) 0.1- 0.25 0.01-0.025

Table A2. The hydraulic parameters of the Quaternary aquifer

Study Horizontal T (m?/day) S Effective
Hydraulic Storage Porosity (%)
Conductivity coefficient
(Ky)
(m/day)
RIGW (1992) 35-100 15,000-75,000 10%-10° | -
UNDP (1981) 55-103 20,000-103,000 10%4-10% | e
23

https://digitalcommons.aaru.edu.jo/erjeng/vol6/iss1/2



Vol. 6, No. 1 —2022

Armanuos: Investigation of Seawater Intrusion in the Nile Delta Aquifer, Eg

Journal of Engineering Research (ERJ)

Anon (1980) 000 | 0 - | e e
Farid (1980) 112 72,000 2.53x10°3 32-35
Zaghloul (1985) 119 | e 104-10° 20-28
Shahien (1987) 50 2500-25,900 10°-10* 23-25
Laeven (1991) 150 10,350-59,800 | = -meeeeeem | -
Shahin (1991) K e e D
(RIGW/IWACO 1990a) 35-75 25000 | e | e
Mabrook et al. (1983) 72-108 | e 21-30
Sollouma and Gomaa (1997) 2365 | -
Shata and EI Fayoumy (1970) 86 71,800
Bahr (1995) 75 . 18
Dahab (1993) 50-240 3,000-15,000 9.0x10*-1x10? 11.5-19
RIGW/IWACO (1999)
Southern ND 50-100 5000-25,000 | = ----- 25-30
Northern ND Lessthan50 | = ------- | ameemee- More than 30
Sherif (1999) 70-100 | - 12-19
Sherif and Al-Rashed (2001) 100 10*-10°° 30
Sherif (2003) 100 10#-10°3 30
El Arabei (2007) 5-100 5x10*-1x1073 20-60
Tahlawi et al. (2008) 35-75 500-25000 | @ -eeem | e
Sherif et al. (2012) 36-240 2000-15000 | = ------- 25-40
Morsy and El-Fakharany (2012) 2055 | - 2.35x10° 25
Abdelaty et al. (2014) 5-100 | --eeee- 5x10-1x10° 20-60
Mazei et al. (2014) 100-120 | eeeeeeem | mmmeeeeem | emeeeee
Elshinnawy et al. (2015) 23.0-180.0 | @ --- | e e

Table A3. Average water level of samples of canals in the Nile Delta in 2008 measured by RIGW

Name of canal AW.L
Mit Yazeid canal +5.80
El Kassed canal +7.10
Kotor canal +5.20
El Ramadei canal +3.20
El Moheit canal +3.30
Nesheil canal +4.50
Samoul canal +4.15
Bahr Seif +6.85
El Korashia canal +8.55
El Bagoria canal +11.9
El Kadei canal +5.90
Shobra El Namla canal +7.85
Damat canal +5.65
Om Rabeih canal +6.30
El Betanonia canal +7.65
Semela canal +5.85
Asei canal +6.65
Heset Shabshir canal +6.15
El Nehnaia canal +6.90
Rossetta branch +12.96
Damettia branch +13.38
El Rayah El Tawfiky +13.96
El Rayah El Menoufi +14.66
El Nubaria canal +15.92
Ismailia canal +15.68
Bahr Elk Baqur Drain +12.35
El Sharkawia canal +15.85
El Basosia canal +15.93
Bahr Moas canal +12.25
Dorwa canal +16.25
EI Nagar canal +14.20
El Nagaiel canal +15.80
Kafr Bolein canal +7.900
El Raiah El Naseri +16.21
Seriakos regulator +14.60
Gamgra regulator +10.15
El Bagoria regulator +12.95
El Nagar regulator +14.20
El Karnein regulator +10.20
Meleig regulator +10.20
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El Santa reguator +8.100
El Kataba regulator +12.80
El Basosia weir +15.62
El Nehnaia lock +14.98
Damietta Branch-Benha +10.80
Damietta Branch -EI Mansuora +2.18
Damietta Branch- Sherbin +1.75
Damietta Branch -Farskor +1.55
Rosetta Branch-El Katatba +6.70
Rosetta Branch- Abe El Hawei +3.80
Rosetta Branch-Zawiat El Bahr +2.05
Rosetta Branch-Kafr El Zaiat +2.05
Rosetta Branch-Shobraeit +1.95
Rosetta Branch-El Atf +1.94
Rosetta Branch-Rashid +0.10

Table A4. Upper canal width and bank level of samples of irrigation canals in the Nile Delta

Name of canals Bank level Length of Upper canal
(m) +MSL canal (km) width (m)
Bahr Shebin 7.2,7.0 16.8 49
Atf canal 14.2,12.0 32.2 34.1
El Halwanei canal 5.0,1.0 19.50 12.4
El Doon canal 21,12 18.5 16.4
Abou Halal canal 3.8,2.2 8.6 9.5
Mansour canal 5.4,2.5 8.00 4.50
EL Raiah El Twafig 20.5,2.0 160.0 49.0
Wadei canal 10.4,1.5 80.0 65.10
Bahr Sageir 85,13 65.0 35.0
Boaheia canal 12.8,6.0 50.0 21.50
El Raiah EIl Beheriei 19.0,12.5 80.00 87.0
El Nobaria canal 11,3.0 110.0 79.0
East Kahnat canal 8.6,5.0 44.0 38.0
canal project Naser 3.4,-2.0 11.50 19.00
Hamed meneis canal 4.5,-2.0 14.00 9.30

Table A5.Hydraulic conductive of selected canals in the current study compared with previous studies

Canal Name Hydraulic conductance
Morsy (2009) The current study

Rossetta Branch 500-800 600-1200
Damietta Branch 500-800 500-1100
El Rayah EIl Tawfiky 500-350 500-800
El Rayah El Monoufi 300-400 300-900
El Nubaria Canal 200-300 400-800
Ismailia Canal 200-300 400-800

Table. A6 Calibrated values of Nile Delta aquifer model parameter

Layer No.
Hydraulic parameter Clay layer Quaternary aquifer
(Layer 1) (Layer 2 to 11)
Horizontal hydraulic conductivity 0.25 m/day 50 to 240 m/day
Vertical hydraulic conductivity 0.01 to 0.025 m/day 5.0 to 24.0 m/day

List of Abbreviations

Abbreviations Definition

ND Nile Delta

NDA Nile Delta Aquifer

IPCC Inter-governmental panel of climate change
FAO Food and Agriculture Organization

RIGW Research Institute of groundwater of Egypt
GW Groundwater

GERD Grand Ethiopian Renaissance Dam

3D Three dimensional

TDS Total dissolved solids

DRI Drainage research Institute

VDF Variable density flow

AMSL Above mean sea level
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Fig. Al. Concentration boundaries in the Nile Delta model

Fig. A2. Calibration points

Fig. A3. Validation points
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Fig. A4. Observed groundwater level in the Nile Delta aquifer (2008) (Morsy 2009)

@ o0.01miday @ 0.018 miday
@ 0.012 miday @ 0.02 miday

(O 0.013 miday @ 0.022 mvday
@ 0.015 mvday O3 0.023 miday
@ 0.017 miday (3 0.025 miday

a Calibrated vertical hydraulic conductivity of the first layer

@ 50m/day Oa7o m/day
@ 50 miday 3190 m/day
@110 m/day @ 200 m/day
@130 m/day @ 220 m/day
@140 m/day O240 m/day

.b Calibrated horizontal hydraulic conductivity of the second layer
Fig. A5. Calibrated range of hydraulic conductivity of Nile Delta aquifer, Dahab (1993)
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Fig. A6. Location map of extraction wells in the current model based on the collected data by RIGW (Abdelaty et al. 2014)
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wo I we
w7,

Fig. A9. Validation point for concentration

28

Published by Arab Journals Platform, 2022

19



	Investigation of Seawater Intrusion in the Nile Delta Aquifer, Egypt
	Recommended Citation

	Preparation of Papers in Two-Column Format for the Proceedings of the 2004 Sarnoff Symposium

